ABSTRACT: Heteroatom doping of nanocarbon films can efficiently boost the pseudocapacitance of micro--supercapacitors (MSCs), however, wafer--scale fabrication of sulfur--doped graphene films with a tailored thickness and homogeneous doping for MSCs remains a great challenge. Here we demonstrate the bottom--up fabrication of continuous, uniform, ultrathin sulfur--doped graphene (SG) films, derived from the peripherical tri--sulfur--annulated hexa--peri--hexabenzocoronene (SHBC), for ultrahigh--rate MSCs (SG--MSCs) with landmark volumetric capacitance. The SG film was prepared by thermal annealing of the spray--coated SHBC--based film, with assistance of a thin Au protecting layer, at 800 o C for 30 min. SHBC with twelve phenylthio groups decorated at the periphery is critical as precursor for the formation of the continuous and ultrathin SG film, with a uniform thickness of ~10.0 nm. Notably, the as--produced all--solid--state pla--nar SG--MSCs exhibited a highly stable pseudocapacitive behavior with an volumetric capacitance of ~582 F cm --3 at 10 mV s --1
o C for 30 min. SHBC with twelve phenylthio groups decorated at the periphery is critical as precursor for the formation of the continuous and ultrathin SG film, with a uniform thickness of ~10.0 nm. Notably, the as--produced all--solid--state pla--nar SG--MSCs exhibited a highly stable pseudocapacitive behavior with an volumetric capacitance of ~582 F cm --3 at 10 mV s --1 , excellent rate capability with a remarkable capacitance of 8.1 F cm --3 even at an ultrahigh rate of 2000 V s --1 , ultrafast frequency response with a short time constant of 0.26 ms, and ultrahigh power density of ~1191 W cm --3 . It is noteworthy that these values obtained are among the best values for carbon--based MSCs reported to date.
■ INTRODUCTION
The current development of flexible and wearable elec--tronics concentrates on the continuous miniaturization and diversified integration of micro--scale power sources. 1--4 The conventional energy storage devices such as lithium ion bat--teries and supercapacitors, however, are usually configured with sandwich--like stacked geometries which poorly minia--turize in size and are not well compatible with planar inte--grated circuits on one single substrate. 5--7 In this regard, the emerging planar micro--supercapacitor (MSC) device compo--nents, including two electrodes, separator, electrolyte, and current collectors of MSCs are readily constructed on one single substrate. Furthermore, the MSCs possess desirable merits of ultrahigh power delivery, outstanding rate capabil--ity, and high--frequency response. 8--10 Notable efforts have been devoted to the development of advanced thin--film elec--trode materials of nanostructured carbon materials, metal oxides, and conducting polymers for MSCs. 11, 12 The available metal oxides, e.g., RuO 2 , 13 MnO 2 , 14 Ni(OH) 2 , 15 CoO, 16 and conducting polymers, e.g., polyaniline, 17 polypyrrole, 18 gener--ally show high volumetric capacitance of 300~800 F cm --3 , but suffer from limited power delivery, slow frequency response and short cycling stability because of poor electrode kinetics. 19, 20 As a consequence, "nanocarbons", including activated carbon (AC), 21, 22 carbide--derived carbon (CDC), The incorporation of single or dual heteroatoms (e.g., N, 31--33 B, 34--36 P, 37--39 S, 40--42 O 43 ) into the nanocarbons is a practical strategy to considerably enhance the capacitance through additional Faradaic reactions generally called pseudo--capacitance effects. 44, 45 Special emphasis is given to sulfur doping. Sulfur has a similar electronegativity (2.58) as carbon (2.55) in the graphitic layers, 46 which is also effective in mod--ifying the electronic arrangement of graphitic lattice, as doped by larger electronegative nitrogen (3.04). 47 Recent theoretical and experimental studies have proven that the presence of sulfur heteroatoms could substantially modify spin densities on graphene, 47, 48 producing significantly im--proved materials for supercapacitors. 40, 41 In particular, C--S bonds at the edge or near defects are important active sites, which greatly influence the charging of the electrical double layer and eventually facilitate the pseudocapacitance behav--ior. 42 In addition, bottom--up synthesis is a reliable strategy towards high yielding production of defect--free molecular graphene (≤ 5 nm), nanographene (5--500 nm) and macrogra--phene (≥500 nm) through controlled chemical reaction or thermolysis of structurally--defined precursors, e.g., polycy--clic aromatic hydrocarbons. 49 With this approach, the struc--ture of the precursor together with chemical or thermal reac--tions will determine the structure of the product, which is critical for the growth and integration of structurally--defined large graphene and graphene--based materials, 49 showing exciting properties for electronic, optoelectronic and energy devices. 50 Although planar MSCs based on nitrogen 51 and boron 52 doped carbon films have been reported, bottom--up fabrication of thin sulfur--doped carbon films with a tailored thickness and homogeneous doping for MSCs has remained elusive.
Herein we develop the bottom--up fabrication of continu--ous, uniform, ultrathin sulfur--doped graphene (SG) films, derived from the peripherical tri--sulfur--annulated hexa--peri--hexabenzocoronene (SHBC, nanographene), for ultrahigh volumetric capacitance MSCs (denoted as SG--MSCs). The wafer--scale SG film with a uniform thickness of 10. 
■ RESULTS AND DISCUSSION
Fabrication of SG--MSCs. Figure 1 schematically depicts the stepwise fabrication of the planar SG--MSCs on a Si/SiO 2 wafer. First, the SHBC with twelve phenylthio groups deco--rated at the periphery was synthesized by thiolation of per--chlorinated HBC ( Figure S1 in Supporting Information), as described in our previous work. 53, 54 Then, a thin SHBC film was obtained by spin--coating a SHBC dispersion (0.5 mg mL --1 , FigureS2a ) on an oxygen plasma treated silicon wafer (Fig--ure 1a,b) . After sputtering a thin Au layer with a thickness of 30 nm (Figure 1c, Figure S2b ), the SHBC film was thermally treated at 400 o C for 30 min (denoted as SHBC400), and then at 800 o C for 30 min (Figure  1d ). It should be mentioned that the surface coverage of thin Au layer is helpful for the ad--sorption of cleaved sulfurs of twelve thiol groups of HBC molecule on the gold surface via the S--Au bonds, 55 and sim--ultaneous reorganization of these S--terminated HBC mole--cules via the cleavage of C--S bonds in phenylthio groups to form a surface--attached film. Further, the Au layer can be regarded as the two--dimensional (2D) catalytic cover, 56, 57 which provides a 2D confinement effect for the continuous growth of SHBC--derived SG film during annealing process. As expected, a wafer--scale film could not be obtained with--out a confining Au layer and without thermal annealing at 400 o C ( Figure S3 ), or when replacing the precursor SHBC by pristine HBC (hexa--tert--butyl--hexa--peri--hexabenzocoronene), without thiol groups decorated at the periphery ( Figure S4 ). After removing the Au layer by etching Figure S2c ), the SG--based interdigitated microelectrode patterns were created through the deposition of gold current collectors, followed by oxida--tive etching in an oxygen plasma (Figure 1f,g ). Finally, a polymer gel electrolyte of H 2 SO 4 /polyvinyl alcohol (H 2 SO 4 /PVA) was drop--cast onto the interdigitated fingers, and the planar SG--MSCs were obtained after solidification overnight (Figure 1g ).
Characterization of SG Film. The structural evolution of SG films, SHBC400 and SHBC, was evaluated based on ther--mogravimetric analysis (TGA), Fourier transform infrared (FT--IR) spectroscopy, X--ray diffraction (XRD) patterns, X--ray photoelectron spectroscopy (XPS) and Raman spectra (Fig--ure 2 ). In TGA curve (Figure 2a ), SHBC showed a major mass reduction of approximately 50.2 wt% up to 800 o C, which was basically close to the theoretical weight loss ~50.3 wt% of twelve phenyl groups. This is suggested the cleavage of C--S bonds in phenylthio groups. Note that the aromatic HBC units were thermally stable until 800 o C, in accordance with the literature. 58 The loss of the phenyl groups from SHBC at 800 for out--of--plane bending mode of the aromatic core, 57 re--spectively. However, with increased temperature, it was ob--served that the total intensities of these bands were substan--tially weakened for SHBC400 due to the part decomposition of phenyl groups, and disappeared for the SG film, indicating the completed removal of phenyl groups annealed at 800 (Figure 2c) , suggestive of the enhanced graphitization of SG film upon annealing process. XPS char--acterization was performed to probe the chemical composi--tion of the SG, SHBC400, and SHBC films (Figure 2d,e) . From the full XPS spectra (Figure 2d ), the characteristic peaks of C1s and S2p were observed. The SG film gave a sulfur doping content of 1.5 at% while the pristine SHBC and SHBC400 con--tained ~11.6 at % and ~7.1 at% sulfur moieties, respectively. High--resolution S2p XPS spectra of SG, SHBC400 and SHBC films differ only in the intensity of the C--S peaks reflecting a different content of C--S bonds. All S2p XPS spectra can be deconvoluted into two distinct peaks featuring the S--C bond at 165.0 and 163.7 eV (Figure 3d ), which are identified as the spin--orbit coupling positions of S2p 1/2 and S2p 3/2 , respec--tively. 42, 47, 60 For the SHBC400 film, the S2p XPS spectrum exhibited an additional component at 167~169 eV that was assigned to carbon bonded SO x species. 46, 48 This resulted from the decomposition of the SHBC, in which the terminat--ed sulfurs in S--HBC units might interact with oxygen atoms likely adsorbed on samples in air. Further, the bond of C--S (286.5 eV) in the C1s XPS spectrum of the SG film was also unraveled ( Figure S5 ). 47, 60 Raman spectra showed the representative broad D and G peaks for SHBC400 and SG film, indicative of the nature of a carbonized film (Figure 2f) . The decreased I D /I G ratio from 1.08 for SHBC400 to 0.98 for SG film accounted for an enhanced degree of graphitization, 61 which is good agreement with XRD result (Figure 2c ). In addition, both SHBC and SHBC400 films had an extremely low value of <0.001 S cm -1 . Note that the low conductivity of SHBC400 film is ascribe to the partly decomposition of SHBC at 400 o C, consisting of the decomposed phenyl groups and intact HBC--S moieties. By contrast, the asproduced SG film exhibited high electrical conductivity of ~95 S cm -1 , measured by a standard four--point probe system. These results demonstrated the successful fabrication of an S--doped, conductive SG film derived from a sulfur--annulated nanographene with assistance of Au confinement layer.
The surface topography of the SHBC--derived SG film was further investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM) measurements ( Figure 3 , and Figure S6 --S8). Low--magnification SEM (Figure 3a) and TEM (Figure 3d ) images of the as--fabricated SG films were continuous and uniform over a large area. High--magnification SEM image (Figure 3b, c) disclosed the formation of the irregularly circu--lar--shaped grain boundaries ( Figure  S6  and  S7) . High resolu--tion TEM (HRTEM) image displayed the existence of discon--tinuous graphitic stacked layers (Figure 3e and Figure S7 ). The AFM height image and phase images as well as 3D sur--face plot confirmed irregularly circular--shaped grain bounda--ries and a relatively uniform flat morphology with a typical thickness of 10.0 nm for the SG film (Figure 3f --j, Figure S8 ). The energy dispersive X-ray (EDX) spectrum and mapping analysis further demonstrated the uniform doping of sulfur into the SG film ( Figure S9 ), identical to the XPS results (Figure 2d,e) . The resulting SG film exhibited a low average surface roughness of R a <2.5 nm for the whole measurement area (Figure 3i, j) .
Electrochemical Characterization of SG--MSCs.
The electrochemical performance of SG--MSCs was first examined by cyclic voltammetry (CV) at scan rates ranging from 0.01 to 2000 V s --1 (Figure  4a--g ). At low scan rates from 10 to 100 mV s -1 , the SG--MSCs showed a pronounced pseudocapacitive effect with three pairs of strong redox peaks (Figure 4a, b) , supporting the importance of sulfur--doping in carbon films. With increasing scan rate, the CV curves revealed a gradual transition from the pseudocapacitive to the electric double--layer capacitive behavior with a nearly rectangular CV shape (Figure 4c--f) . Remarkably enough, our SG--MSCs possessed ultrafast charging and discharging capability, and could be operated at ultrahigh scan rates of up to 2000 V s --1 ( Figure  4g, Figure S10 ). which is three orders of magnitude higher than that of conventional supercapacitors, and much higher than those of the reported high--power MSCs (Table  S1) ). 63 Furthermore, a linear dependence of the logarithmic dis--charge current upon scan rate was identified up to 2000 V s --1 (Figure 4h ), characteristic of ultrahigh instantaneous power.
The evolution of the areal capacitance and volumetric ca--pacitance of SG--MSCs with scan rate is shown in Figure 5a . The areal capacitance and volumetric capacitance of SG film for MSCs recorded at 10 mV s -1 were calculated to be 553 µF cm -2 and ~582 F cm -3 , respectively, both of which are much higher than those of films of undoped reduced graphene (RG, ~208 µF cm ) for MSCs. 51 It has appeared that heteroatom doping (e.g., N, B, S, and N/B) in nanocarbons is highly effective for the enhancement of supercapacitor performance because of the pseudocapaci--tive effect and the improvement of the interface wettability. 33 The pronounced enhancement provided by S doping furnish--ing multiple robust redox peaks in our SG--MSCs has never been disclosed previously. Further, the cell volumetric capac--itance of SG--MSCs is well comparable to those of the state--of--the--art MSCs, e.g., MPG--MSCs, 27 AC--MSCs, 23 OLC--MSCs, 23 and much higher than that of commercially available supercapacitors (3.5 V/25 mF), and three orders of magnitude higher than that of electrolytic capacitors (63 V/220 µF), 23 as shown in Fig. 5b . Moreover, our SG--MSCs can still offer a significant cell capacitance of ~8.1 F cm --3 even at ultrahigh rate of 2000 V s --1 (Fig.5b) .
Electrochemical impedance spectroscopy (EIS) of the SG--MSCs exhibits a closed 90° slope without a charge transport semicircle at high frequency (Fig.  5c) , a vertical line intersec--tion with the real axis at low frequency, and a low equivalent series resistance of 21.3 Ω (inset in Fig.  5c ), suggestive of ul--trafast ion diffusion in such a microdevice. 64 The dependence of the phase angle on the frequency for SG--MSCs (Fig. 5d) furnished a high characteristic frequency f 0 of 3836 Hz at the phase angle of --45°. Correspondingly, the relaxation time constant τ 0 (τ 0 =1/f 0 ) was calculated to be only 0. 26 ErGO (0.17~1 ms), 62 and vertically oriented graphene (0.067 ms).
64
In addition, the cycling sta--bility of SG--MSCs was measured for 10000 times at a scan rate of 200 V s --1 (Fig.5e) , maintaining ~95.0% of the initial capacitance (Fig.5d ).
The Ragone plot in Fig. 5f compares the volumetric per--formance of our SG--MSCs with those of commercially availa--ble energy--storage devices. 68 Our microdevice exhibits a vol--umetric energy density E device of ~3.1 mWh cm -3 , which is about ten times higher than those of commercially available supercapacitors (Table S1) . 25 Remarkably enough, our SG--MSCs offered a power density P device of ~1191 W cm -3 , which is the highest value reported so far, and comparable to that of high--power electrolytic capacitors (10 1~1 0
). 69 ■ CONCLUSION
In summary, we have demonstrated the first case of bot--tom--up, wafer--scale production for highly continuous, uni--form, ultrathin SG films derived from a sulfur--decorated nanographene. This fabrication strategy using nanographene molecule as precursor, with assistance of a thin Au layer as 2D confining cover, provided a new scaffold for constructing large--area carbon films with uniform S doping, high conduc--tivity and expanded interlayer spacing for high--performance MSCs. The films showed an unprecedented volumetric ca--pacitance of ~582 F cm -3 , remarkable scan rate of 2000 V s --1 , ultrafast frequency response with a time constant of 0.26 ms, and ultrahigh power density of ~1191 W cm -3 . The as--produced SG film will offer numerous opportunities as an outstanding carbon--based material for electrochemical ener--gy storage and conversion systems, such as metal--free oxygen reduction catalysts, 47, 61 Li--S batteries, and sensors.
■ EXPERIMENTAL SECTION
Preparation of SG films. The precursor of SHBC was first synthesized by thiolation of perchlorinated HBC, as de--scribed in our previous work. 53, 54 Then, a stable SHBC disper--sion of 0.5 mg/mL in dichloromethane was dissolved by soni--cation for 10 min, and subsequently spin--coated (2000 rpm, 60 s; Headway Research Inc.) on the oxygen plasma--treated silicon wafer (single size polished, 300 nm SiO 2 layer, Si--Mat) using 300 W rf power for 10 min (Plasma System 200--G, Technics Plamsa GmbH), and the spin--coating steps were repeated several times until the desirable SHBC film thick--ness was achieved. Afterwards, 40 /min in nitrogen gas), Raman spectra (Bruker, 532 nm) and XPS (Omicron Multiprobe equipped with the monochromatic Al Kα source, electron analyzer resolution of 0.9 eV). For TEM characterization, the SG film was delaminated from the SiO 2 /Si wafer in the HF solution (40%), and rinsed with de--ionized water three times. After that, the delaiminated SG film was carefully transferred into Cu grids. The electrical conductivity of the SG film was measured by a standard four--point probe system with a Kiethley 2700 Multimeter. The electrochemical properties was examined by CV at the scan rates of 0.01~5000 V s --1 , galvanostatic charge and discharge profiles at different current density, and EIS recorded in the frequency range of 1~100 kHz with a 5 mV ac amplitude, us--ing a CHI 760D electrochemical workstation.
